We have investigated the molecular orientation of a nematic liquid crystal (LC) on a doubly treated substrate. One of the substrate surfaces was first treated with the photo-exposure or rubbing process and then subsequently treated with the second photo-exposure process as a function of the irradiation time while the other was prepared with a rubbed polyimide layer for strong anchoring. The LC orientation on the doubly treated substrate was well controlled either by the irradiation time or by the rubbing strength. The observed molecular orientation was consistent with the simulation results based on a torque balance equation. The anchoring energies of the treated substrates were determined from the least-squares fits of the experimental data to the torque balance equation.
Introduction
The orientation of liquid crystal (LC) molecules along a certain direction on a treated surface has been the subject of intense research over the last decade for manufacturing liquid crystal displays. 1) A complete understanding of the surface anchoring properties of LCs is required for further development of sophisticated LC devices. Planar LC anchoring is conventionally achieved by unidirectional rubbing of thin polymer films 2, 3) or photo-exposure of photosensitive alignment layers. [4] [5] [6] The photoalignment method is superior to the common rubbing process for easy control of LC anchoring energy in addition to the advantages of no electrostatic charge or dust contamination.
The photoalignment method is useful for studying the LC alignment characteristics and mechanism. Particularly, the effect of double treatment of the surface, for example, the linearly polarized UV light (LPUV) irradiation on a rubbed photosensitive polymer layer and rubbing on a photoirradiated layer prepared with photo-decomposable polyimide 7) or photoisomerizable azo polymer, 8, 9) has been extensively studied. Actually, patterning of LC alignment and variation of anchoring energy were recently reported by irradiating nonpolarized UV light into a rubbed polyvinyl cinnamate surface. 10) We found that reorientation of directors occurs by subsequent photoalignment to a different direction from that forced by rubbing, and discussed the LC alignment mechanism. 8) We also found that rubbing nonuniformity is visualized due to the competing alignment effect on doubly treated surfaces. 9) In the course of these studies, we realized that the molecular orientation direction is governed by the combination of rubbing and photoirradiation conditions, i.e., rubbing strength and irradiation time. This observation motivated us to study the precise control of the molecular orientation.
The purpose of this paper is to clarify the influence of photoirradiation energy on photo-reorientation of LC molecules. We found that the photoinduced LC reorientation was well controlled by the LPUV irradiation energy and the rubbing strength. The main features of the experimental results were explained in a competitive anchoring model. Moreover, the anchoring energies of the treated surfaces were determined from the simulation results based on a torque balance equation.
Experiment
As a photosensitive LC alignment layer, we used a mainchain-substituted polyamic acid (PAA) with azobenzene units. 11) PAA was dissolved in a solvent of N-methyl-2-pyrollidinone (NMP) with a concentration of 3 wt%. The polymer solution filtered through a 0.2 mm mesh filter was spin-coated on a glass substrate at 3000 rpm and dried out at 70 C for 30 min. The substrates were normally illuminated with the LPUV light from a 500 W ultrahigh pressure mercury lamp without passing through any optical filter. The average light intensity irradiated onto the substrate surface was 27 mW/cm 2 . The rubbing process was conducted by a commercial rubbing machine (EHC Co., Ltd., RM-50) with a roller covered with a cotton velvet material under the following conditions; the translation speed of the substrate was 500 mm/min and the rotation speed of the roller was 700 rpm.
The LC alignment in the cell is schematically illustrated in Fig. 1 polyimide (PI, JSR-AL1034) and PAA layers, respectively. The first treatment on the top substrate was performed by either rubbing or photo-exposure such that the LC molecules align along the direction defined on the bottom surface. The top surface was subjected to the second surface treatment along the direction making an angle of 45 with respect to the direction of the first surface treatment. The second photoexposure was carried out by shifting a photomask stepwise to obtain differential photo-treatment in the cell while the irradiation time during the first photo-exposure was fixed for 25 min. The cells were assembled with 25 mm polymer film spacers and then filled with a nematic liquid crystal (5CB) in the isotropic phase. Microscopic textures of the cells were observed under an optical polarizing microscope. The twist angle of the LC director from the bottom to the top surfaces was estimated by finding the darkest view by rotating the analyzer (see Fig. 1 ).
The azimuthal anchoring energy was determined from the deviation angle Á between the rubbing direction and the easy axis that the director actually orients on the top surface of the cell having a twisted structure.
12) The deviation angle in the cell with the rubbed PI layers on both substrates was Á < 1 , indicating that the rubbed PI layers provide strong anchoring (W > 3:7 Â 10 À5 J/m 2 ). For determining the anchoring energy of the treated top substrate, the deviation angle Á was defined as the angle between the first treated direction and the easy axis on the top surface under the assumption of no deviation angle at the bottom substrate. This assumption is valid for strong anchoring on the bottom PI layer.
Experimental Results
Let us first show the results of molecular orientation in the cell with doubly photo-aligned surfaces. The photo-aligned top substrate was subsequently photo-exposed as a function of the irradiation time along the direction making an angle of 45 to the first photo-aligned direction that is parallel to the rubbing direction on the bottom substrate. Before the second treatment, the LC molecules were homogeneously aligned and the cell was dark under crossed polarizers. Upon the second photo-treatment, the LC molecules near the top substrate were aligned at an angle to the first alignment direction. This leads to a twisted nematic (TN) structure. Therefore, when the linearly polarized light parallel to the rubbing direction on the bottom substrate is incident on the bottom surface, the polarization direction is rotated by the angle through the cell.
The photographs in Fig. 2(a) clearly show variations of the molecular orientation. The analyzer rotation angle corresponding to the extinction direction becomes large with increasing irradiation time. The twist angles are determined by finding that gives the darkest view, and are shown as a function of the irradiation time in Fig. 2(b) . The LC reorientation direction is found to rotate from the first photo-aligned direction to the second photo-aligned direction with increasing irradiation time. When the second photo-irradiation is sufficiently long over 20 min, the easy axis rotates up to 40. 5 . The same amount of twist angle was obtained when a single photo-irradiation was made on the top substrate along the direction making an angle of 45 to the rubbing direction on the bottom substrate. This tells us that the first photo-induced anchoring force becomes negligible if the second photo-irradiation is sufficiently long. The solid line represents the simulation results to be described later.
The results for the combined effect of rubbing and photoexposure are shown in Figs. 3(a) and 3(b) . The qualitative feature is the same as that for doubly photoalignment. The only difference is that a longer photo-exposure is required to obtain the saturated twist angle for the rubbed case. This implies that rubbing induces a larger anchoring energy than does photoalignment. 13) As a result, the reorientation of LC molecules on the rubbed surface requires more energy than that on the photo-aligned surface.
In order to investigate the rubbing strength dependence on the photo-induced reorientation, we continuously varied the rubbing depth by inserting a 700 mm spacer below one edge of the glass substrate and subsequently photo-irradiated the slantingly rubbed layers. Figure 4(a) shows the textures of the cell fabricated with slantingly rubbed layers prepared under various photo-irradiation conditions. It is clear that the molecular reorientation can be controlled by two factors, the photo-irradiation time and the rubbing strength. As shown in Fig. 4(b) , the optic axis of the cell reorients from the first rubbing direction to the second photo-aligned direction with increasing photo-irradiation time. Moreover, the LC molecules in the region treated with a higher rubbing depth take a longer irradiation time for molecular reorientation.
Discussion
When a nematic LC is introduced into a cell as depicted in Fig. 1 , the energy per unit area is given as a sum of the elastic energy (F bulk ) and surface anchoring energies of PAA (F PAA ) and polyimide (F PI ) substrates as follows. 14)
where
Here, K 2 is the relevant elastic constant, is the twist angle, and d is the cell gap. The anchoring energies associated with the first and second surface treatments are A 1 ðtÞ and A 2 ðtÞ, respectively. Since the two anchoring energies depend only on the second photo-irradiation time t,
where is a time constant related to the second photoirradiation. The deviation angle Á of the LC director from the second photo-aligned direction is given by,
Minimization of the free energy, @F=@ðÁÞ ¼ 0, leads to a torque balance equation given as
This equation was used to fit the experimental data for fixed parameters of K 2 ¼ 10 À11 N and d ¼ 25 mm, and three adjustable parameters , A 1 and A 2 .
First, the anchoring energy of the photo-irradiated layer A 1p was measured in a 45 TN cell made with a rubbed substrate for strong anchoring and a photo-irradiated substrate. The anchoring energy A 1p was found to be 3:6 Â 10 À6 J/m 2 for the LPUV irradiation of 25 min onto the azo polymer. Next, this photo-induced anchoring energy was used for determining the time constant . The leastsquares fitting of the data in Fig. 2 to eq. (5) results in ¼ 6:09 min. This value is also valid when rubbing was used as the first surface treatment, as shown in Figs. 3 and 4 , since the photo-irradiation conditions are the same for all the experiments. Finally, the rubbing-induced anchoring energy A 1r was obtained by fitting the data in Figs. 3 and 4 to eq. (5).
The rubbing-induced anchoring energies at several rubbing depths are shown in Fig. 5 . The rubbing process produces anisotropic structures in the polymer layer via the morphological change as well as the anisotropic orientation of polymer chains. The anchoring energy increases with increasing rubbing depth, which agrees well with previous results. 15, 16) However, the anchoring energy is still one order of magnitude smaller than that of the rubbed PI case, although rubbing-induced anchoring energy is considered to be higher than the photoinduced one. 13, 17) As shown by a solid curve in Fig. 5 , the anchoring energy depends on the square of the rubbing depth. This behavior is in accordance with the Berreman effect, 18) i.e., the anchoring energy is proportional to the square of the groove depth. The groove effect on the LC alignment in the weak-rubbing regime remains to be explored.
Conclusion
We studied the molecular reorientation of a nematic LC under competing anchoring conditions. It was demonstrated that the resulting molecular orientation can be well manipulated by two parameters, the rubbing strength and the photoirradiation time. The observed LC alignment on the doubly treated substrate was explained in a competing anchoring force model. The fitting of the experimental data was successfully performed using a torque balance equation, leading to the determination of the anchoring energies of the treated substrates.
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